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The  authors  wish  to  acknowledge  the  important  contributions  by 
the  late  Gene  F.  Frazier  to  many  of  the  projects  reported  here.  His 
untimely  death  has  deprived  the  field  of  applied  optics  of  a young 
and  highly  original  contributor.  We  trust  that  this  report  does 
justice  to  the  work  he  did  with  us. 
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The  research  covers  several  aspects  of  gas-  and  flow-visualization  with 
infrared  imagery.  The  purpose  of  the  research  was  to  show  that  infrared 
analogues  of  standard  optical  methods  are  suitable  for  visualizing  flow  fields 
containing  molecular  gases.  The  infrared  refractive  index  £ of  molecular 
gases  was  measured  at  CO^  laser  frequencies.  The  variation  of  11  near  absorption 
lines  forms  a basis  for  species-selective  schlieren  (and  other  optical  methods) 
having  enhanced  sensitivity  to  density  gradients. 

Following  preliminary  tests  using  a x-y  IR  detector/ scanner  schlieren,  we 
developed  a new  method  of  IR  photography  using  conventional  and  Polaroid  films 
designed  for  use  with  visible  light.  The  result  was  a patented  process  suitable 
for  photographic  IR  laser  patterns  and  other  images  having  power  densities 
> /100  mw/cm2  in  the  wavelength  range  5-10  um.  Prospective  applications  to 
high  energy  laser  beam  profiling  were  disclosed  to  the  Department  of  Defense. 

The  method  was  applied  to  contract  work  on  IR  optics,  principally  to 
bi-prism  measurements  of  gaseous  refractive  index.  For  comparison,  high 
resolution  interferometric  measurements  were  made  on  the  refractive  index  of 
air,  nitrogen,  ethylene  and  ozone  at  lines  in  the  9.6  and  10. 6u  laser 
bands.  That  the  line-to-line  variations  of  IR  refractive  index  are  indeed 
considerable  in  some  gases,  and  are  observable  in  an  IR  schlieren  system, 
demonstrates  the  premise  of  the  contract  research,  namely  that  species-selective 
methods  based  on  optical  refractivity  are  indeed  suitable  for  improved  flow 
visualization. 
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I_. Introduction 

The  purpose  of  the  research  has  been  to  enlarge  the  body  of  techniques 
available  for  flow  visualization  in  molecular  gases.  Our  goal  has  been  to 
demonstrate  that  infrared  versions  of  the  standard  optical  methods  (e.g., 
schlieren)  are  effective  in  taking  advantage  of  the  refractive  index  variations 
near  molecular  absorption  bands.  The  procedure  has  been: 

(A)  to  demonstrate  qualitatively  that  schlieren  and  other  techniques  work 
well  at  infrared  wavelengths,  using  CO  and  CO^  lasers  as  light  sources, 

(B)  to  develop  a new  method  of  IR  photography  using  conventional  film, 

(C)  to  carry  out  wavelength-dependent  measurements  of  molecular  refractive 
index  at  low  and  high  spectral  resolution,  and 

(D)  to  conduct  some  of  these  measurements  using  both  a schlieren  configuration 
and  the  IR  photographic  method,  so  as  to  confirm  the  overall  applicability 
of  IR  schlieren  as  a flow  visualization  method  for  molecular  gases. 

In  this  Final  Report  we  will  briefly  summarize  the  previously  reported 
work  in  categories  1-3  (above)  and  give  details  of  research  in  the  final  year 
on  topics  in  categories  3 and  4.  Also  we  will  call  out  specific  R & D areas 
in  which  further  work  of  use  to  AFOSR  could  be  done,  and  which  could  not  be 
pursued  here  for  lack  of  time  and  funds. 
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II.  Background 

The  use  of  schlieren  and  other  optical  methods  to  visualize  phenomena  in 
transparent  fluids  is  well  known.  Optical  path  length  differences  between 
different  ray  paths  are  put  in  evidence  by  beam  deflection  or  wave  front  retard- 
ation, and  the  resulting  images  require  interpretation  in  terms  of  the  index 
of  refraction.  The  sensitivity  of  these  methods  depends  on  the  magnitude  of  the 
refractive  index,  and  can  be  enhanced  by  employing  wavelengths  at  which  the 
refractive  index  is  maximized  by  anomalous  dispersion.  We  have  discussed  in 
previous  reports  the  magnitude  of  this  effect  for  wavelength  choices  in  the 
near  infrared,  where  the  presence  of  many  molecular  absorption  bands  implies 
the  possibility  of  species-selective,  enhanced  sensitivity  schlieren  systems. 
This  section  lists  related  references  for  the  interested  reader. 

Experimental  and  theoretical  work  on  IR  dispersion  is  discussed  by 

Penner^^  and  by  Hadni^\  Frequently,  reviews  of  refractometer  technology 

(3) 

appear  such  as  that  by  Leykin  and  Molochnikov  . The  great  care  required 

even  in  measurements  of  simple  gases  is  illustrated  by  the  papers  by  Barrell 

and  Sears  and  the  series  of  publications  by  Peck  and  his  colleagues^  . 

The  consequences  of  the  details  of  IR  refraction  and  nearby  absorption  bands 

in  atmospheric  optics  have  been  treated  by  Penndorf  and  by  Snider  and 

(12) 

Goldman  . The  use  of  anomalous  dispersion  for  enhanced  flow  visualization, 
using  visible  resonance  lines,  has  recently  been  developed  for  plasma  research 
by  Koopman  and  his  colleagues ^ ^ following  Koopman's  early  contributions 
to  the  present  IR  program.  Numerous  papers  have  been  published  which 

are  good  guides  to  the  overlap  between  IR  laser  lines  and  the  molecular  absorp- 
tion spectra  which  give  rise  to  anomalous  dispersion  in  the  near  infrared. 
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III.  IR  Imaging  Demonstrations 

Through  1974  we  concentrated  on  demonstrating  the  usefulness  of  various 
classical  visualization  methods  when  transferred  to  the  infrared.  Schlieren, 
shadowgraph  and  shear  interferometer  pictures  of  heated  gas  flows  were  shown 
in  our  reports  of  December,  1973  and  November,  1974.  The  light  sources  employed 
were  CO,  CO^  and  He-Ne  lasers  provided  by  Versar  for  this  contract  research. 
Image  recording  was  carried  out  with  liquid  crystal  sheets,  "image  plates" 

(based  on  desensitized  fluorescence),  pyroelectric  detector/scanner  systems, 
and  a new  method  of  direct  IR  photography  that  is  discussed  in  Section  IV. 

It  is  useful  to  recall  some  aspects  of  the  early  work  to  facilitate  dis- 
cussions later  in  this  report.  Figure  1 shows  the  optical  layout  that,  with 
minor  modifications,  remained  in  use  during  much  of  the  research.  This 
particular  figure  shows  the  schlieren  field  and  imaging  system  (typical  for 
many  gasdynamic  observations),  the  molecular  laser,  and  — in  this  case  — an 
x-y  scanner  for  recording  the  IR  intensity  distribution  in  the  schlieren  image 
plane. 

We  used  this  scanning  system  to  show  that  "point"  detectors  were  compati- 
ble with  the  overall  system  operation.  This  was  of  some  concern,  to  establish 
the  broadest  ultimate  application  of  these  techniques;  in  many  cases  low  IR 
laser  power  will  be  necessary,  requiring  sensitive  point  detectors  (e.g. 
Hg-Cd-Te)  that  are  prohibitively  expensive  in  the  form  of  arrays.  The  success 
of  this  particular  scanner  implies  that  point-scanning  in  general  is  a feasible 
technique  for  experimental  IR  schlieren  work. 

Figure  2 illustrates  the  use  of  a CR  oscilloscope  in  recording  the 
intensity  distribution  in  an  IR  image.  The  x-y  CRO  display  copies  the  x-y 
location  of  the  measurement  in  the  laboratory,  and  the  z (CRO  beam  intensity) 
control  is  governed  by  the  instantaneous  IR  signal  which  is  a function  of  x 
and  y.  Noise  in  the  system  is  greatly  reduced  by  matching  an  electronic  filter 
to  the  frequency  of  the  chopper  shown  in  Figure  1.  Of  course,  much  faster 
systems  can  be  used  involving  steerable  optics  instead  of  a slow  scanner. 
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Many  IR  schlieren  and  shadowgraph  images  were  recorded  with  this 
system,  as  described  in  earlier  reports,  verifying  that  "white  light" 
optical  methods  could  be  transferred  into  the  infrared  with  the  IR  lasers 
running  broadband  with  no  line  selection.  These  demonstrations  included 
shearing  interf erograms  taken  in  the  integrated  light  of  the  CO^  laser,  using 
germanium  flats  as  the  interferometer  plates.  With  this  work  accomplished, 
attention  turned  towards  new  methods  of  recording  IR  images  and  to  the 
demonstration  that  the  high  resolution  index  of  refraction  (to  be  realized 
by  single  line  operation  of  the  lasers)  afforded  the  prospect  of  species- 
selective  IR  schlieren  photography.  Section  V also  returns  to  another 
demonstration  of  IR  imaging,  where  shearing  interferometry  was  accomplished 
using  a Michelson  interferometer  which  was  compatible  with  single-line  laser 
operation. 
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IV.  Infrared  Photography 

In  the  course  of  our  work  involving  the  use  of  IR  imaging  techniques, 
we  considered  and  put  into  practice  the  concept  of  desensitizing  ordinary 
photographic  emulsions  by  means  of  IR  illumination.  Indeed  it  was  found 
that  excellent  IR  photographs  could  be  taken  of  schlieren  fields  and  laser 
beam  patterns. 

Regimes  of  operation  were  discovered  in  which  films  could  be  sensi- 
tized or  desensitized  by  means  of  IR  illumination,  depending  on  intensity 
and  exposure  time.  In  complex  IR  image  fields,  the  boundaries  between 
these  two  effects  served  as  isophotometric  contours  for  the  IR  pattern  — 
a function  difficult  to  accomplish  by  most  other  IR  image- recording  methods. 

The  experimental  arrangement  for  studying  the  IR  photographic  process 
is  shown  in  Figure  3,  and  three  CO^  laser  beam  patterns  recorded  by  this 
method  are  shown  in  Figure  4.  Other  samples  of  the  technique  appear  later 
in  the  report.  Appendix  A contains  copies  of  five  publications  on  various 
aspects  of  the  IR  photographic  method.  United  States  Patent  No.  4,018,608 
was  granted  April  19,  1977  to  Gene  F.  Frazier  for  this  new  process,  and 
rights  were  assigned  to  the  U.S.  Government. 

In  early  1976  a Concept  Disclosure  was  made  to  AFOSR  on  the  adapta- 
tion of  the  IR  photographic  method  to  cinematography,  principally  for  the 
purpose  of  studying  the  time  dependence  of  laser  beam  patterns  for  long 
duration,  high  power  lasers  such  as  the  GDL.  Exposure  times  in  the  range 
1/10  - 1/100  second  were  useful  at  modest  IR  power  densities.  This  con- 
cept is  mentioned  again  here  because  of  the  ease  and  low  cost  of  this 
method  in  providing  beam  imagery,  particularly  now  that  the  "dry  process" 
Polaroid  film  is  available  in  movie  film  form.  We  believe  that  the  cine- 
matographic version  of  the  IR  photographic  method  is  important  to  develop 
for  applications  to  IR  laser  diagnostics. 
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V.  Refractivity  Measurements  (General) 

Central  to  the  use  of  anomalous  dispersion  for  improved  1R  schlieren 
photography  is  the  selection  of  illuminating  wavelengths  to  match  the  edges 
I of  molecular  absorption  lines,  where  the  refractive  index  is  enhanced  and  the 

absorption  by  the  medium  is  not  too  great.  Since  laser  light  sources  (e.g., 

CO  and  CO2)  will  often  be  used  because  of  their  high  brightness,  the  problem 
can  be  redefined  as  finding  the  appropriate  match  between  laser  emission 
t lines  and  the  absorption  spectrum  of  the  molecular  gas  of  interest. 

Operationally  this  calls  for  measuring  the  gaseous  refractive  index 
at  the  available  laser  lines.  This  section  summarizes  such  measurements 
made  prior  to  1977,  and  the  more  recent  work  is  covered  in  greater  detail 
in  Section  VI. 

Our  first  (and  lowest  resolution)  measurements  of  gaseous  refractive 
index  were  made  with  the  optical  layout  indicated  in  Figure  5.  A two  pass 
> hollow  prism  (single  chamber)  containing  the  gas  of  interest  was  used  to 

generate  beam  spot  deflections  at  the  schlieren  knife  edge,  so  as  to 
indicate  variations  in  refractive  index  as  the  IR  laser  was  tuned  over 
various  emission  lines. 

Results  are  shown  in  Figure  6 for  the  gas  0^  (3%)  in  0^  and  for  prominent 
CO^  laser  lines.  The  refractive  index  is  seen  to  be  greatest  in  the  absorption 
notch  longward  of  the  band  of  0^  at  ~ 9.6  ym.  The  estimated  precision  of 
index  measurements  by  this  hollow  prism  method  was  of  the  order  of  2 to  3 parts 
* in  10s  in  the  quantity  (n-1) . 

Much  greater  precision  was  sought  via  the  classical  approach  of  the 
Michelson  interferometer.  Figure  7 shows  the  Michelson  instrument  (C)  we 
^ developed  for  infrared  operation,  along  with  an  intracavity  tuning  etalon  (A) 

for  the  CO^  laser,  intensity  compensating  detectors  (B,E)  to  automatically  adjust 
the  perceived  intensity  in  the  fringe  pattern  for  changes  in  laser  power,  and 
an  intensity  balancing  polarizer  (D)  used  to  compensate  for  variable  absorp- 
tion in  the  gas  cell.  This  system  was  capable  of  determining  the  laser 
line  wavelength  to  ± .005  ym  and  measuring  n to  1/10  part  in  10s.  The  inter- 
ferometer optics  are  made  of  NaCl  and  germanium. 
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Results  are  illustrated  by  Figure  8 which  shows  our  results  compared 
to  calculations  from  earlier  work.  Having  established  the  expected  performance 
of  this  relatively  sophisticated  instrument  we  proceeded  to  use  it  for  re- 
I fractivity  measurements  on  other  gases  as  described  in  Section  VI  below. 

We  also  reported  during  this  period  on  the  use  of  the  Michelson  instru- 
ment as  an  infrared  shearing  interferometer  for  visualizing  temperature- induced 
flow  fields  set  up  in  one  arm  of  the  interferometer,  illuminated  by  the 
* line-selected  CC^  laser,  and  photographed  by  means  of  the  direct  IR  photo- 

graphic method  discussed  in  Section  IV  (above) . 

Figure  9 is  a line  drawing  representing  the  fringe  pattern  photographed 
as  described  above,  and  the  temperature  data  reduced  from  the  IR  fringe  photo- 
graph. The  infrared  temperature  near  the  wall  agrees  closely  with  the  measured 
plate  temperature.  Similar  experiments  carried  out  with  a He-Ne  laser  showed 
comparable  results  at  visible  wavelengths.  Thus  we  confirmed  once  again  the 
transferability  of  visible  light  methods  of  flow  visualization  into  the  infrared 
at  more  than  10  times  the  wavelength,  including,  this  time,  both  the  direct 
IR  photographic  process  and  single-line  operation  of  the  laser  light  source. 
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FIGURE  9 

Fringe  Pattern  (Upper  Figure)  and  Corresponding  Temperature 
Profile  (Lower  Figure)  Approaching  Heated  Plate 
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Recent  Work  on  Gas  Refractivity 


The  perfection  of  a compensated  Michelson  interferometric  technique 
enabled  us  to  measure  the  refractive  properties  of  gases  such  as  ozone  and 
ethylene  which  have  absorption  bands  (and  therefore  excursions  in  the 
refractive  index)  in  the  CO^  laser  region  around  10  um.  These  measurements 
were  carried  out  at  low  pressures  and  scaled  into  STP  conditions,  though  it 
was  recognized  that  actual  high  pressure  (STP)  conditions  would  increase  the 
absorption  line  broadening  and  modify  the  details  of  the  refractive  index. 
The  connection  between  high  and  low  pressure  results  is  discussed  at  the  end 
of  this  section. 


Tables  1 and  2 list  the  refractivity  results  for  and  for  0^  (3%)  in 

0^  respectively.  The  variations  in  refraction  are  quite  noticeable,  particu- 
larly for  ethylene  at  the  R(20)  and  R(24)  lines  of  the  9.6  ym  C00  laser  band. 
Also,  the  variations  in  ozone  are  impressive  considering  the  small  percentage 
of  0^  in  the  0^  carrier  gas. 

It  should  be  noted  that  the  measurements  were  carried  out  in  the  pre- 
sence of  a wide  variation  in  attenuation  of  these  gases.  This  was  possible 
because  of  the  compensation  systems  built  into  the  Michelson  apparatus.  We 
would  recommend  that  future  work  of  this  kind  be  so  designed  for  the  maximum 
possible  range  of  the  important  parameters.  Enhanced  refraction  and  absorption 
go  hand  in  hand,  so  that  absorption  compensation  needs  to  be  allowed  for  at 
the  outset,  as  well  as  the  large  variation  in  laser  power  over  the  molecular 
bands  employed. 


The  next  question  to  be  addressed  was  the  degree  to  which  the  high  resolu- 
tion n(A)  behavior  of  gases  could  be  inferred  from  simpler  measurements  — and 
how  this  behavior  in  turn  would  manifest  itself  in  a simple  optical  arrangement 
such  as  the  classical  schlieren  set  up.  We  decided  to  answer  both  questions 
at  once  by  means  of  a bi-prism  technique,  wherein  one  would  directly  test  the 
ability  of  a knife  edge  measurement  to  distinguish  between  "optical  path 
difference  objects"  that  contained  different  gases  and  were  illuminated  at 
wavelengths  designed  to  bring  out  the  differences  in  refractive  properties. 
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line 

ETHYLENE,  9.6  ym 

a 

C02  LASER  BAND 

(n-l)xlO6 

P(20) 

0.41 

377 

P(18) 

0.78 

377 

P(16) 

0.72 

389 

P(14) 

0.16 

376 

P(12) 

0.13 

378 

P(10) 

0.42 

390 

R(10) 

0.33 

385 

R(12) 

0.084 

375 

R(14) 

0.076 

375 

R(16) 

0.27 

381 

R(18) 

0.61 

381 

R(20) 

0.18 

434 

R(22) 

0.11 

381 

R(24) 

0.18 

456 

Table 

_1. 

Standard  refractivity 

(right  column)  computed  from 

index 

of 

refraction  measurements 

in  C2H4  at  approximately  0.015 

atmosphere  pressure.  Extinction 

parameter  a obtained  from  cell 

transmission  exp(-a£)  where  £ is 

path  length. 
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OZONE  (3%)  IN  02,  9.6  um  C02  LASER  BAND 


line 

a 

(n-l)xlO 

P(36) 

0.201 

295.1 

P(34) 

0.093 

284.8 

P(32) 

0.174 

275.9 

P(30) 

0.192 

267.9 

P(28) 

0.276 

284.6 

P(26) 

0.177 

283.1 

P(24) 

0.021 

278.6 

P(22) 

0.051 

282.0 

P(20) 

0.158 

275.3 

P(18) 

0.192 

276.0 

P(16) 

0.270 

277.8 

Table  2.  Standard  refractivity  (right  column)  computed  from 
index  of  refraction  measurements  in  03(3%)  in  O2  at  approximately 
0.02  atmospheres.  Extinction  parameter  a obtained  from  cell 
transmission,  exp(-a£),  where  l is  path  length. 
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Figure  10  shows  the  final  optical  layout  for  this  work,  including  the 
wavelength-monitoring  spectrograph  (C) , the  receiving  sensors  which  are 
largely  self-explanatory,  and  the  two-chambered  "bi-prism"  (F)  into  which 
standard  gases  (such  as  N^)  and  other  gases  such  as  ethylene  could  be  put  at 
differing  pressures.  The  bi-prism  has  NaCl  windows.  Figure  11  is  a photo- 
graph of  the  bi-prism  showing  the  windows,  separate  chambers,  and  gas  inlet- 
outlet-tubes.  Pressure  in  the  chambers  was  measured  with  a Barocell  manometer, 
and  temperature  constancy  was  monitored  with  thermocouples. 

The  basic  equation  for  the  schlieren  effect  shows  the  relationship  between 
focal  spot  deflection  at  the  knife  edge  and  the  change  of  total  optical  path 
length  along  the  beam.  Since  optical  path  length  is  the  product  of  physical 
path  and  refractive  index,  it  is  possible  to  extract  index  values  from  a 
geometrically  simple  layout  such  as  that  shown  in  Figure  10.  The  concept  of 
a gas  bi-prism  was  borrowed  from  a well-known  solid  state  technique.  In  our 
case,  one  cell  is  always  filled  with  air  and  the  other  cell  is  evacuated  and 
the  location  of  the  focal  spots  determined.  This  establishes  two  points  on 
a smooth  curve  of  second  order,  and  automatically  permits  scaling  of  indices 
from  beam  spot  displacement.  When  test  gases  are  introduced  into  the  bi-prism, 
their  refractive  indices  are  obtained  in  relation  to  this  scale. 

Figure  12  shows  direct  IR  photographs  of  the  bi-prism/schlieren  image 
plane  in  two  different  situations.  The  triptych  is  particularly  interesting 
because  it  demonstrates  clearly  the  differing  refractive  properties  of  the 
two  gases  0.5  atmos . (upper  chamber)  and  air  (lower  chamber).  The  top 

image  is  for  a knife  edge  setting  which  passes  the  beams  from  both  chambers 
of  the  bi-prism;  the  upper  beam  is  blocked  at  an  intermediate  setting  (middle 
image) , and  both  beams  are  blocked  for  the  setting  pertaining  to  the  lower 
picture.  The  other  pair  of  pictures  applies  to  a setup  in  which  the  upper 
chamber  was  evacuated  and  the  knife  edge  oriented  in  the  opposite  direction, 
thus  reversing  the  order  of  blocking  the  beam  spots  as  the  knife  edge  is 
traversed . 


FIGURE  10 

Final  Optical  Layout  for  IR  Schlieren 
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The  quantitative  measurement  of  the  beam  spot  deflection  was  made  by 
means  of  half-intensity  observations  of  the  laser  power  passed  by  the  knife 
edge;  i.e.,  beam  spot  position  was  defined  as  that  setting  at  which  the  power 
meter  (Figure  10)  read  1/2  of  the  full  power  for  the  laser  line  (and  prism 
chamber)  in  question.  Automatically  included  in  these  observations  was  a 
compensation  for  absorption  in  the  gas  in  the  bi-prism.  Beam  spot  deflections 
were  reduced  to  absolute  refractive  index  by  means  of  the  calibrations  des- 
cribed above. 

The  principal  gas  we  studied  was  ethylene,  both  in  the  pure  form  and 
mixed  with  N^.  Figure  13  shows  the  very  interesting  comparison  between  data 
taken  with  the  bi-prism  method  and  data  previously  obtained  with  the  Michelson 
interferometer.  One  immediately  sees  the  correlation  between  the  two, 
indicating  that  the  bi-prism/schlieren  technique  sees  much  of  the  full  varia- 
tion of  refractivity  that  one  realizes  is  present  in  the  same  material  under 
conditions  of  low  pressure  and  high  wavelength  resolution.  Passing  through 
the  CO2  laser  lines  in  order,  the  index  excursions  are  very  similar.  Of 
course,  the  bi-prism  measurements  are  not  as  informative  in  the  sense  of  the 
basic  physics  of  anomalous  dispersion,  but  they  have  the  advantage  of  being 
extremely  simple  to  carry  out  — and  they  are,  in  fact,  schlieren  measurements 
that  demonstrate  the  differential  visibility  of  regions  of  varying  optical 
pathlength,  based  on  anomalous  dispersion  in  molecular  gases  and  which 
are  recordable  by  a variety  of  IR  imaging  techniques. 


FIGURE  13 

Correlation  between  Refractive  Index  Measurements  with  Bi-Prism 
and  with  Michelson  Interferometer  Techniques 
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With  the  increased  use  of  imagery,  particularly  with  laser 
sources,  it  is  desirable  to  have  rapid  and  direct  methods  of  ir 
photography.  Such  a technique  is  reported  here,  based  on 
relatively  unexplored  properties  of  silver  halide  emulsions. 
This  new  effect  involves  the  sensitization  and  desensitization 
of  silver  halide  films  by  ir  radiation.  The  process  is  funda- 
mentally different  from  such  ir  photographic  reversal  effects 
as  the  Herschel  effect.  Our  experiments  have  used  low  power, 
cw,  CO  and  CO?  lasers  providing  film  irradiance  in  the  range 
of  0.1-lW/cm2,  at  wavelengths  near  5 am  and  10  am.  The 
technique  offers  greater  sensitivity  and  dynamic  range  than 
foot-print  paper1  and  does  not  require  taking  a picture  of  a 
picture  as  with  liquid  crystals  or  with  ir  image  plates,3  which 
operate  by  desensitized  fluorescence. 

Different  photographic  regimes  have  been  established  and 
are  illustrated  in  Fig.  1.  The  principal  one  [Fig.  1(a)]  consists 
of  an  ir  exposure  (to— ti)  which  is  immediately  followed  by  a 
visible  exposure  V of  the  entire  film.  Upon  development,  the 
film  is  found  to  have  been  desensitized  to  visible  light  in  the 
regions  of  ir  exposure.  For  each  level  of  power  density  leading 
to  desensitization,  there  is  a shorter  ir  interval  (to— 12>  giving 
sensitization  to  visible  light,  which  may  be  related  to  classical 
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thermal  sensitization.  If  sufficient  time  elapses  (a  few  sec- 
onds) between  the  ir  and  visible  exposures  [to— £3  in  Fig.l(  c)|, 
both  the  sensitizing  and  desensitizing  effects  disappear.  It 
appears  that  prior  ir  illumination  modifies  the  processes  that 
can  take  place  in  a conventional  film,  so  the  film’s  response 
to  visible  light  is  temporarily  but  appreciably  altered.  The 
present  sensitivity  of  this  effect  to  ir  light  is  satisfactory  for 
many  purposes  of  laser  research.  Infrared  sensitivity  may  be 
increased  by  manipulating  the  many  film  factors  that  have 
usually  been  chosen  to  optimize  the  visible  response.  The  ir 
intensity  and  exposure  time  are  to  some  extent  interchange- 
able in  the  classical  sense  of  reciprocity;  thus  an  ir  photograph 
of  this  type  will  yield  isointensity  contours  for  describing  laser 
modes  and  far-field  transmission  patterns. 

Since  there  are  two  exposures  involved,  each  having  its  own 
wavelength  and  duration,  the  full  specification  of  character- 
istic ( H and  D)  curves  can  be  very  complex.  Here  we  give 
data  on  an  extremely  useful  photographic  material,  Polaroid 
55  PN  (positive/negative)  film  and  demonstrate  the  effects 
of  varying  (1)  the  ir  exposure  time  at  fixed  intensity,  and  (2) 
the  wavelength  of  the  visible  postexposure. 

Figure  2 summarizes  the  net  photographic  densities  ob- 
tained on  Polaroid  55  PN  negatiues  over  a range  of  ir  exposure 
times  at  a measured  power  density  at  the  film  of  0.3W/cm2. 
The  two  curves  represent  the  use  of  (a)  filtered  green  light  or 
(b)  white  light  as  the  visible  postexposure.  Little  visible  light 
is  required  to  establish  the  best  background  density;  i.e.,  that 
giving  the  greatest  contrast  to  the  ir  effect.  The  white  light 
exposure  (b)  was  made  with  an  apertured,  battery-powered 
incandescent  lamp  several  meters  from  the  film;  this  exposure 
was  l&o  second  at  an  average  power  density  of  1 (iW/cm2 
measured  at  the  film  plane.  The  green  light  exposure  (a)  used 
the  same  lamp  filtered  for  the  region  AX  = 0.56-0.57  nm,  and 
with  the  film  exposure  adjusted  to  give  the  same  background 
density  as  in  the  white  light  case. 


(a) 

(IR) 

(V) 

f0 


(b) 

(IR) 

(V) 

*0  *2 


(c) 

(IR) 

^sec~~ 

(V) 

f3 

Fig.  1.  Exposure  sequences  employed  in  ir  photography  via  modi- 
fication of  sensitivity  to  visible  light:  (a)  desensitization.  ( b I sensi- 
tization. ( c)  no  influence  by  ir.  Intensity  scales  are  arbitrary. 


IR  exposure  (sec) 

2 4 6 8 10  12 


Log  If 

Fig.  2.  Characteristic  curves  for  ir  modification  of  visible  sensitivity, 
for  (a)  green  light,  (b)  white  light  at  ir  power  density  = 0.3  W/cm2. 


Image  density  relative  to  the  background  density  is  shown 
in  Fig.  2,  vs  the  ir  exposure  time,  with  blackness  of  the  negative 
increasing  downward.  The  principal  effect  is  desensitization 
(Dr  < 0);  i.e.,  the  print  is  blacker  than  the  background  wher- 
ever the  ir  exposure  has  been  sufficiently  great. 

The  white  light  curve  (b)  displays  all  the  regions  described 
above;  the  sensitization  regime  covers  the  ir  exposure  interval 
1-5  sec,  and  densensitization  5-12  sec.  Photographic  effects 
of  the  ir  light  are  visible  using  ~Vio  the  exposure  required  to 
burn  the  film.  By  filtering  to  obtain  a gTeen  postexposure, 
the  sensitization  regime  is  suppressed  and  a considerable 
range  of  desensitization  contrast  is  obtained  for  exposures 
several  times  less  than  the  burn  threshold.  We  have  also 
discovered  an  effect  leading  solely  to  sensitization.  It  appears 
that  we  are  dealing  with  two  processes  within  the  emulsion 
that  set  in  at  different  rates  and  have  opposing  effects  on  silver 
precipitation. 

The  process  works  for  many  silver  halide  films,  as  will  be 
detailed  in  a subsequent  paper;  and  its  dependence  on  the 
wavelength  of  the  visible  exposure  provides  a useful  control 
over  the  net  photographic  densities  obtained. 

All  the  conventional  films  we  have  tried  demonstrate  similar 
regimes  of  ir  influence  on  latent  image  formation.  The 
highest  sensitivity  (0.1  W/cm2)  to  ir  light  was  obtained  with 
Polacolor  108  and  Kodacolor  II.  This  is  equivalent  to  pho- 
tographing the  1-mm2  beam  spot  of  a 1-mW  laser.  Infrared 
sensitivity  may  be  improved  by  making  films  with  less  of  the 
chemical  stabilizers  that  optimize  the  films  for  everyday 
photography. 

Among  the  advantages  of  this  technique  is  that  it  provides 
a convenient,  permanent  record  of  the  intensity  distribution 
of  laser  output.  In  addition  to  intensity  measurements,  we 
have  uced  the  method  to  record  dispersed  line  spectra  of  CO 
and  CO2  lasers.  Since  the  technique  is  used  directly  on  the 
optic  axis,  no  distortion  is  introduced-by  copying  optics  (as 
in  most  liquid  crystal  and  fluorescent  display  systems).  This 
allows  for  greater  accuracy  in  relative  position  or  wavelength 
measurements.  At  present,  linear  resolution  is  better  than 
6-8  line  pairs/mm  for  most  conditions. 
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Fig.  3.  Photograph  of  a CO^  laser  mode  pattern.  Power  density  in 
the  dark  regions  is  0.35-0.45  W/cm2.  Exposure  time  is  3 sec  on  Po- 
laroid 55  PN  film. 

This  technique  might  be  attractive  for  rapid  photography 
of  far-field,  high  energy  laser  mode  patterns.  Note  that  the 
exposure  times  employed  are  comparable  with  the  running 
time  of  a gas-dynamic  ir  laser  and  that  a nominal  midrange 
of  useful  sensitivity  (~0.4  W/cm2)  is  equivalent  to  a 1-kW  laser 
beam  50  cm  in  diameter. 

A CO2  laser  mode  photograph  appears  in  Fig.  3.  This  Po- 
laroid 55  PN  print  shows  an  unstable  pattern  that  was  de- 
generated from  TEM20  by  adjusting  the  cavity  mirrors.  In- 
tensity in  the  dark  regions  is  0.35-0.45  W/cm2;  the  print  is  an 
enlargement  over  the  actual  beam  diameter  ( — 15  mm). 

So  far,  the  optimum  ir  parameters  have  been  determined 
largely  by  trial  and  error.  To  obtain  major  gains  in  sensitivity, 
the  ma in  mechanisms  need  to  be  identified  and  manipulated 
accordingly.  Two  main  lines  of  enquiry  seem  to  be  the  most 
promising:  ( 1 ) better  delineating  the  interaction  between  ir 
radiation  and  the  gelatin  (i.e.,  nonsilver  halide  materials) 
contained  in  the  emulsion,  and  (2)  estimating  the  net  influence 
of  ir  irradiation  on  the  drift  mobility  and  lifetimes  of  photo- 
generated species  within  the  grains.  At  the  macroscopic  level 
both  11)  and  (2)  may  be  expressed  in  terms  of  latent  image 
formation  and  fading.  If,  for  example,  important  grain-gel- 
atin-dye  interactions  can  be  disrupted  by  ir  radiation,  the 
surface  latent  image  will  surely  be  affected — and  most  prob- 
ably in  the  direction  of  desensitization.  This  idea  finds 
support  in  the  evidence  that  those  Films  for  which  surface 
image  formation  predominates  are  also  those  that  are  most 
effective  for  middle  ir  recording.  Prospects  for  sensitization, 
on  the  other  hand,  may  be  found  in  the  effect  of  a temperature 
change  on  the  water-gelatin  complexes  involved  in  latent 


image  formation  and  the  effect  of  temperature  on  silver  halide 
absorption  bands. 

Although  the  photoelectric  absorption  by  silver  halides  lies 
in  the  visible,  the  well  depth  of  important  internal  traps  for 
photoelectrons  is  commonly  of  order  0.04  eV  within  the 
grain.3-4  This  is  comparable  with  the  temperature  energy  in 
a heated  crystal,  so  the  internally  trapped  electrons  are  sus- 
ceptible to  thermal  reejection.  This  will  influence  the  drift 
mobility,  rates  of  recombination,  and  the  lifetimes  for  elec- 
trons and  holes.  That  these  quantities  are  different  functions 
of  temperature3-5  for  electrons  vs  holes  implies  the  possibility 
of  competing  effects  that  would  yield  sensitization  or  de- 
sensitization depending  on  the  ir  irradiation  level.  Some 
heating  must  be  present  since  residual  ir  effects  can  be  re- 
corded ,ien  the  visible  flash  occurs  1-2  sec  after  the  ir  ex- 
poior  A temperature- related  mechanism  is  being  consid- 
ered, -at  we  feel  that  more  is  involved.  The  exact  role  of  the 
thermalization  may  be  assessed  through  experiments  like 
those  of  Babcock  et  al.s  (who  studied  the  effect  of  moderate 
temperatures  on  sensitized  emulsions),  as  extended  to  higher 
temperatures  and  heating  rates. 

The  present  problems  involved  in  developing  a usable 
photographic  model  are  difficult  since  the  ir  exposure  only 
interferes  with,  rather  than  initiates,  the  image  forming 
process.  Therefore  the  uncertainties  in  the  normal  photo- 
chemical steps  are  compounded  by  complex  ir  exposure  ef- 
fects. As  we  have  suggested,  a study  of  the  interaction  of  ir 
radiation  with  the  gelatin  and/or  grain  interior  may  help  to 
clarify  the  ir  mechanism.  Toward  this  goal  we  are-  attempting 
to  correlate  the  better  known  properties  of  emulsions  to  pro- 
duce a first  order  model  of  the  new  process  to  produce  a new 
film  with  characteristics  optimized  for  use  in  the  middle  ir. 
Our  early  results  are  presented  here  to  stimulate  further  re- 
search and  to  report  a new  and  useful  ir  recording  method. 
More  data  on  techniques  and  models  will  be  given  in  a future 
paper. 

The  authors  gratefully  acknowledge  the  review  of  this  paper 
by  Franklin  S.  Harris,  Jr.,  of  Old  Dominion  University,  and 
the  suggestions  as  to  content  by  him,  Richard  Adams,  and 
Robert  White  (of  NASA  Langley  Research  Center).  This 
research  was  supported  by  AFOSR  under  contract  F44620- 
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Introduction 

With  the  increased  use  of  infrared  Imagery,  particularly  with 

laser  sources,  it  is  desirable  to  have  rapid  and  direct  methods  of 

infrared  photography.  Such  a technique  is  reported  here,  based 

upon  relatively  unexplored  properties  of  silver  halide  emulsions. 

This  new  effect  involves  the  sensitization  and  densensitization  of 

silver  halide  films  by  IS.  radiation.  The  process  is  fundamentally 

different  from  such  infrared  photographic  reversal  affects  as  the 

Herschel  effect.  Our  experiments  have  been  conducted  using  low 

power,  cw,  CO  and  CO^  lasers  providing  film  irradiance  in  the 
2 

range  of  0.1-lW/cm  , at  wavelengths  near  5 and  10ym. 

We  have  adopted  the  new  process  for  routine  IS  schlieren 
photography  of  gas  flows.  The  technique  offers  greater  sensi- 
tivity and  dynamic  range  than  "foot  print  paper,r^  and  does  not  re- 
quire taking  a picture  of  a picture  as  with  liquid  crystals,  or 

2 

with  IS  image  plates  which  operate  by  desensitized  fluorescence. 

Different  photographic  regimes  have  been  established;  these 
are  illustrated  in  Figure  1.  The  principal  regime  (Fig.  la)  con- 
sists of  an  IS  exposure  interval  (tQ-t^)  which  is  immediately 
followed  by  a short  visible  exposure  (V)  of  the  entire  film.  Upon 
development,  the  film  is  found  to  have  been  densensltized  to 
visible  light  in  the  regions  of  IS  exposure.  For  each  level  of 
power  density  leading  to  desensitization,  there  is  a shorter  in- 
frared exposure  interval  (t  -t„)  which  yields  sensitization  to 
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visible  light,  which  may  be  related  to  classical  thermal  sen- 
sitization. If  sufficient  time  is  allowed  to  elapse  (a  few 
seconds)  between  the  IR  and  visible  exposures  (tg-t^  in  Fig.  lb), 
both  the  sensitizing  and  desensitizing  effects  disappear. 

It  appears  that  infrared  illumination  modifies  the  processes 
that  can  take  place  in  a conventional  film,  in  such  a way  that  the 
film’s  response  to  visible  light  is  temporarily  but  appreciably 
altered.  The  present  sensitivity  of  this  effect  to  infrared  light 
is  satisfactory  for  many  purposes  of  laser  research.  Sensitivity 
can  likely  be  increased  by  manipulating  the  many  film  factors 
which  heretofore  have  usually  been  chosen  to  optimize  the  response 
to  visible  light. 

In  Section  2 we  will  discuss  characteristic  curves  relating 
final  photographic  density  to  infrared  exposure  time  and  to 
the  wavelength  of  visible  light  employed.  Data  on  Polaroid  film 
are  presented.  Section  3 describes  the  appearance  of  IR  photo- 
graphs in  which  the  IR  image  intensity  varies;  intensity  and  ex- 
posure time  are  to  some  extent  interchangeable  in  the  classical 
sense  of  reciprocity.  Thus  an  IR  photograph  of  this  type  can 
yield  iso-intensity  contours  which  are  useful  in  describing  laser 
modes  and  far-field  transmission  patterns.  The  process  works  for 
many  silver  halide  films,  as  will  be  detailed  in  a subsequent 
paper,  and  its  dependence  on  the  wavelength  of  the  visible  ex- 
posure provides  a useful  control  over  the  net  photographic 
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densities  obtained. 

Characteristic  Curves 

Since  there  are  two  exposures  involved  in  this  process,  each 

having  its  own  wavelength  and  duration,  the  full  specification  of 

characteristic  (H.  & D.)  curves  can  be  very  complex.  This  section 

gives  illustrative  data  on  an  extremely  useful  photographic  material, 

Polaroid  55  PN  (positive/negative)  film,  and  demonstrates  the 

effects  of  varying  (i)  the  IS.  exposure  time  at  fixed  intensity, 

and  (ii)  the  wavelength  of  the  visible  post-exposure. 

Figure  2 summarizes  the  net  photographic  densities  obtained 

on  Polaroid  55  PN  negatives  over  a range  of  IS  exposure  times  at  a 

2 

measured  power  density  at  the  film  of  0.3W/cm  . The  two  curves 
represent  the  use  of  (a)  filtered  green  light  or  (b)  white  light 
as  the  visible  post-exposure.  Very  little  visible  light  is  re- 
quired to  establish  the  most  favorable  background  density;  i.e., 
that  which  imparts  the  greatest  contrast  to  the  IX  effect.  The 
white  light  exposure  (b)  was  made  with  an  apertured,  battery- 

powered  incandescent  lamp  several  feet  from  the  film;  this  ex- 

2 

posure  was  1/50  second  at  an  average  power  density  of  lyW/ cm 
measured  at  the  film  plane.  The  green  light  exposure  (a)-  used 
the  same  lamp  filtered  for  the  region  AA  * 0.56  - 0.57ym,  and 
with  the  film  exposure  adjusted  so  as  to  give  the  same  background 
density  as  in  the  white  light  case. 

Image  density  relative  to  the  background  density  is  shown  in 
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Figure  2,  vs.  Che  IR  exposure  time,  with  blackness  of  che  negative 
Increasing  downward.  The  principal  effect  is  desensitlzatlon 
(D^  < 0) , which  renders  the  print  blacker  than  the  background 
wherever  the  IR  exposure  has  been  sufficiently  great. 

The  white  light  curve  (b)  displays  all  the  regions  described 
in  Section  1;  the  sensitization  regime  covers  the  IR  exposure 
interval  1-5  seconds,  and  desensitization  5-12  seconds.  Photo- 
graphic effects  of  the  infrared  light  are  visible  using  1/10 
the  exposure  required  to  "burn"  the  film.  By  filtering  to  obtain 
a green  post-exposure,  the  sensitization  regime  is  suppressed  and 
a considerable  range  of  desensitization  contrast  is  obtained  for 
exposures  several  times  less  than  the  burn  threshold.  We  have  not 
yet  discovered  an  entirely  opposite  effect,  namely  some  procedure 
which  would  lead  exclusively  to  sensitization.  It  appears  that  we 
are  dealing  with  two  processes  within  the  photographic  emulsion 
which  set  in  at  different  rates  and  have  opposing  effects  on  silver 
precipitation. 

All  the  conventional  and  Polaroid  films  we  have  tried  demon- 
strate these  regimes  of  IR  influence  on  latent  image  formation 

with  similar  degrees  of  effectiveness.  The  highest  sensitivity 
2 

(0.1  W/cm  ) to  infrared  light  has  been  obtained  with  Polacolor 

108  and  Kodacolor  II.  This  is  equivalent  to  photographing  the 
2 

1 mm  beam  spot  of  a 1 mW  laser.  We  believe  that  IR  sensitivity 
will  be  improved  by  making  films  that  contain  fewer  chemical 
stabilizers,  which  have  traditionally  been  added  to  optimize  the 
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films  for  everyday  use  with  visible  light. 

Photography  and  Photometry 

A type  of  reciprocity  law  holds  for  the  infrared  sensitivity; 
i.e.,  for  exposure  times  at  least  in  the  range  1-10  seconds,  it  is 
the  product  (image  intensity)  x (exposure  time)  that  determines 
the  density  relative  to  background.  Therefore  the  curves  in 
Figure  2 may  also  be  thought  of  as  representing  the  variation  in 
film  blackening  in  an  IR  snapshot  of  an  image  whose  intensity 
varies  with  position. 

In  addition  to  the  ordinary  type  of  photographic  photometry 
that  could  be  carried  out  on  the  basis  of  curve  (a)  in  Figure  2, 
one  can  take  advantage  of  the  two  regimes  in  curve  (b)  for 
qualitative  photometric  interpretation  of  IR  photographs.  For 
example,  we  have  photographed  dispersed  line  spectra  of  the  CC^ 
laser  which  show  white  and  black  spectral  lines  owing  to  the  IR 
intensities  falling  on  one  side  or  the  other  of  the  crossover  from 
sensitization  to  desensitization.  This  type  of  photography  pro- 
vides a convenient  record  of  the  intensity  distribution  of  the 
laser  output. 

Another  application  is  isophotometry  of  a complex  IR  image. 

A contour  of  constant,  intermediate  intensity  can  be  identified 
by  looking  for  curves  bounded  by  black  and  white  areas  and  having 
the  same  density  as  the  background.  Several  isophotes  can  be  so 
photographed,  by  varying  the  IR  exposure  time.  This  places 
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different  intensities  at  the  crossover  condition,  and  sufficies  to 
label  these  isophotes  with  intensity  values,  to  the  extent  that 
reciprocity  holds. 


This  technique  may  be  very  attractive  for  rapid  photography 
of  far-field,  high  energy  laser  patterns.  Note  that  the  exposure 
times  employed  are  comparable  to  the  running  time  of  a gas-dynamic 
infrared  laser. 

Figure  3 illustrates  the  appearance  of  a single  mode  laser 
beam  spot  when  photographed  by  this  method.  Scans  with  a calibrated 
pyroelectric  detector  verified  the  bell-shaped  profile  (3a) , 
while  the  photographic  crossover  gives  one  the  impression  of  a 
doughnut-shaped  mode  structure  (3b,  3c).  The  quantity  D in 
Figure  3c  is  the  density  of  the  Polaroid  55  PN  negative  whose 
print  is  shown  in  Figure  3b.  Regime  K_  represents  sensitization 
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FICXJFE  3.  Sensitization  vs  Desensitization  effects 
of  infrared  produced  annular  image  of 
Gaussian  beam  spot:  (a)  Gaussian  beam 
profile,  (b)  the  print  of  the  negative, 
(c)  showing  three  IR  intensity  regimes. 
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The  present  sensitivity  and  dynamic  range  are  suitable  for  study  of 
1 kW  infrared  laser  outputs  with  a beam  spot  diameter  of  order  one 
foot. 


Discussion  of  Possible  Mechanisms 

We  have  found  that,  in  order  to  obtain  good  quality  infrared 

photographs,  exposures  longer  than  10  seconds  are  required  for 

2 

incident  IR  power  densities  of  0.15  W/cm  or  less.  This  would  be 
an  even  more  useful  process  if  one  could  improve  the  IR  sensitivity 
by  a few  orders  of  magnitude. 

So  far  the  optimum  photographic  parameters  have  been  discovered 
largely  by  trial  and  error.  To  obtain  major  gains  in  sensitivity 
requires  that  the  principal  mechanisms  be  identified  and  manipulated 
accordingly.  By  a process  of  elimination,  two  main  lines  of  future 
enquiry  have  emerged. 

We  believe  the  most  promising  directions  are:  (A)  better 
delineating  the  interaction  between  IR  radiation  and  the  gelatin 
(i.e.  non-silver  halide  materials)  contained  in  the  emulsion,  and 
(B)  estimating  the  net  influence  of  IR  irradiation  on  the  drift 
mobility  and  lifetimes  of  photochemical  species  within  the  grains. 

(A)  Gelatin  (grain  boundary) 

It  is  generally  believed  that  gelatin  plays  some  role  in 
the  photographic  process,  while  the  degree  and  exact  nature  of.  its 
importance  are  unclear.  A principal  function  of  gelatin  may  be  to 
localize  and  promote  the  action  of  sensitizers,  which  can  greatly 
influence  the  probability  of  latent  image  formation  on  the  surface 
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of  the  photographic  grains.  Gelatin  components  themselves  may 
also  facilitate  the  escape  of  photogenerated  bromine  from  a grain, 
and  thereby  reduce  chemical  attack  on  the  surface  latent  Image. 

If  important  graln-gelatin-dye  interactions  can  be  disrupted  by 
Infrared  radiation,  the  surface  latent  image  will  surely  be 
affected  — and  most  probably  in  the  direction  of  desensitization. 

This  idea  finds  support  in  the  evidence  in  that  those  films  for 
which  surface  image  formation  predominates  are  also  those  are  most 
effective  for  middle  infrared  recording.  Prospects  for  sensitization, 
on  'the  other  hand,  may  be  found  in  the  effect  of  a temperature 
change  on  the  water-gelatin  complexes  involved  in  latent  image 
formation. 

(B)  Grain  Interior 

Here  attention  is  drawn  to  whether  infrared  radiation  is 
directly  absorbed  in  a grain,  or  is  there  indirect  heating  via  the 
gelatin  environment  — and,  if  so,  what  effects  result  at  the  latent 
image  level. 

So  far  we  have  been  unable  to  obtain  infrared  absorption 
data  for  the  silver  halide  grain  material  employed  in  the  manu- 
facture of  commercial  films  - Since  real  grains  likely  contain 
3 4 

trace  impurities,  ’ for  the  purposes  of  photographic  effects  net 
attainable  with  pure  silver  halides,  grain  absorption  cannot  be 
inferred  solely  from  data  on  the  pure  substances.  The  films  we 
have  studied  exhibit  broad  absorption  features  throughout  the 
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infrared,  some  of  which  lie  in  Che  CO  and  CO^  laser  emission  bands. 
However,  even  if  direct  IR  absorption  by  grains  is  unlikely,  one 
can  surmise  lattice  excitations  in  the  grain  due  to  thermal 
conduction  from  the  surrounding  gelatin. 

Although  the  photoelectric  absorption  by  silver  halides 
lies  in  the  visible,  the  well  depth  of  important  internal  traps 

4 5 

for  photoelectrons  is  commonly  of  order  0.04  eV  within  the  grain  ’ . 
This  is  comparable  to  the  temperature  energy  in  a heated  crystal, 
so  that  the  internally-trapped  electrons  are  very  susceptible  to 
thermal  re-ejection.  This  will  influence  the  drift  mobility, 
rates  of  recombination,  and  the  lifetimes  for  electrons  and  holes. 
That  these  quantities  are  different  functions  of  temperature^’ ^ 
for  electrons  vs.  holes  holds  open  the  possibility  of  counter- 
vailing effects  which  would  yield  sensitisation  or  desensitization 
depending  on  the  infrared  irradiation  level.  Some  heating  must  be 
present  since  residual  infrared  effects  can  be  recorded  when  the 
visible  flash  occurs  1-2  seconds  after  the  infrared  exposure.  A 
temperature-related  mechanism  is  being  considered  but  it  is  clear 
that  more  is  involved.  Babcock^,  et  al. , for  example  have  made 
extensive  measurements  of  the  temperature  dependence  of  the 
photographic  process.  These  results  would  not  suggest  desensitization 
(R^)  but  rather  sensitization  at  higher  infrared  exposure,  i.e., 
higher  temperature. 
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(C)  Conclusion 

The  present  problems  involved  in  developing  a usable 
photographic  model  arise  from  the  fact  that  the  infrared  exposure 
only  interferes  with,  rather  than  initiates  the  image  forming 
process.  Therefore  the  uncertainties  in  the  "normal"  photochemical 
steps  are  compounded  by  complex  infrared  exposure  effects.  As  we 
have  suggested,  a study  of  the  interaction  of  infrared  radiation 
with  the  gelatin  and  (or)  grain  interior  may  help  to  clarify  the 
infrared  mechanism.  Toward  this  goal  we  are  attempting  to  correlate 
the  better  known  properties  of  emulsions  to  produce  a first  order 
model  of  the  new  process,  in  order  to  produce  a new  film  with 
characteristics  optimized  for  use  in  the  middle  infrared.  Our 
early  results  are  presented  here  to  stimulate  further  research. 

More  data  concerning  techniques  and  models  will  be  presented  in 
a future  paper. 
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Middle  Infrared  Photography  Using  Silver 
Halide  Films 

Gene  F.  Frazier 


Abstract  A method  is  described  for  silver  halide  photography  at  infrared  wavelengths 
of  approximately  5 and  10  Mm,  using  laser  sources.  The  technique  involves  sensitization 
and  densitization  of  films  to  visible  light  as  a result  01  pre-exposure  to  infrared  radiation. 
Three  different  photographic  regimes  are  established,  depenoing  on  infrared  intensity  and 
length  of  exposure.  Lines  of  study  are  suggested  for  further  improvement  of  infrared  sensi- 
tivity and  dynamic  range. 
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Introduction 

As  the  use  ot'  infrared  lasers  becomes  more  and  more  wide- 
spread the  need  for  methods  for  recording  infrared  images 
becomes  more  acute.  Many  attempts  have  been  made  in  the 
past  to  extend  the  normal  sensitivity  range  of  silver  halide 
films  to  accommodate  these  requirements.  The  use  of  pho- 
tosensitive dyes  has  been  of  considerable  benefit  in  the  regions 
out  to  about  1.2  nm.  Unfortunately  the  region  beyond  2 urn 
has  remained  inaccessible,  partly  due  to  thermal  interference 
with  dye  action. 

Reported  here  is  a technique  which  to  some  extent  sidesteps 
the  considerations  of  photochemical  sensitivity  per  se  and 
makes  use  of  the  effects  of  the  physical  environment  on  pho- 
tographic response.  Selective  modification  of  ambient  con- 
ditions at  the  grain  usefully  alters  the  normal  photographic 
processes.  This  new  method  involves  the  sensitization  and 
desensitization  of  silver  halide  films  by  infrared  radiation  in 
the  5 and  10  uti l region.  The  technique  offers  greater  range 
than  footprint  paper1  and  is  less  complex  than  liquid  crystals 
or  thermal  plates  in  that  no  additional  photograph  is  required 
to  produce  a permanent  record.2 

Experiments 

The  experiments  were  performed  using  low  power,  CW,  CO, 
and  CO-:  lasers  providing  focal  plane  irradiance  of  0.1-100 
W/cm2,  at  wavelengths  near  5 and  10  Mm. 

Different  photographic  regimes  have  been  established  and 
are  illustrated  in  Fig.  1.  The  principal  regime  (Fig.  la)  consists 
of  an  1R  exposure  (tq  - 1 1)  of  the  entire  film,  which  is  imme- 
diately followed  by  a visible  flash.  Upon  development,  the  film 
is  found  to  have  been  desensitized  to  visible  light  in  the  re- 
gions of  IR  exposure.  For  each  level  of  power  density  leading 
to  desensitization,  there  is  a shorter  infrared  interval  ( to  — 1 2) 
giving  sensitization  to  visible  light,  which  may  be  related  to 
classical  thermal  sensitization.  If  sufficient  time  elapses  la  few 
seconds)  between  the  IR  and  visible  exposures  (to  - £3  in  Fig. 
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lc),  both  the  sensitizing  and  desensitizing  effects  disappear. 
In  general,  the  net  effect  of  infrared  exposure  decreases  as  the 
delay  between  IR  and  visible  exposure  increases.  It  appears 
that  prior  infrared  illumination  modifies  the  processes  that 
can  take  place  in  a conventional  film,  so  that  the  film’s  re- 
sponse to  visible  light  is  temporarily  but  appreciably  altered. 
The  present  sensitivity  of  this  effect  to  infrared  light  is  sat- 
isfactory for  many  purposes  of  laser  research.  IR  sensitivity 
may  be  increased  by  manipulating  the  many  film  factors 
which  have  usually  been  chosen  to  optimize  the  visible  re- 
sponse. 

Figure  2 illustrates  the  experimental  arrangement  for  the 
photographic  testing.  Flat  mirrors  (b)  and  (c)  directed  the 
laser  output  to  the  concave  mirror  (d),  which  then  focused  the 
beam  to  the  plateholder  (e).  Laser  power  was  measured  with 
a calibrated  PY-3  Harshaw  detector  (f).  Total  laser  power  was 
measured  at  10-min  intervals  as  a check  for  laser  stability, 
which  was  found  to  be  better  than  5%.  Infrared  intensity  was 
altered  by  changing  the  gas  proportions  in  the  discharge  tube 
and  by  adjusting  the  power  supply  output  current. 

Image  plates2  and  liquid  crystal  sheets  were  used  to  display 
ihe  infrared  images  prior  to  insertion  of  the  filmholder  into 
the  focal  plane. 

A tungsten  light  source  (g)  was  located  2 m distant  from  the 
plateholder.  Its  integrated  spectra  irradiance  was  variable 
from  0.01  to  10  erg/cm2/sec  at  this  distance  over  the  band  of 
0.4-0.7  am. 

Mechanical  shutters  were  used  to  insure  reproducibility  of 
infrared  and  visible  exposure  times,  although  usable  photo- 
graphs were  taken  employing  less  precise  methods  of  con- 
trol. 

In  general,  the  photographic  procedure  begins  with  unex- 
posed film  and  consists  of  two  steps:  ( 1)  An  initial  exposure 
of  the  film  to  an  infrared  image,  and  (2)  An  additional  expo- 
sure to  visible  light. 

The  exact  length  and  temporal  position  chosen  for  the  in- 
frared and  visible  exposure  times  depends  upon  a number  of 
parameters,  notably  infrared  irradiance  and  film  type.  Various 
films  were  used  to  bring  out  different  features  of  the  effect. 
Polaroid  films  were  studied  in  detail  due  to  their  convenience 
while  other  films  were  used  to  ascertain  that  operationally  the 
same  effects  could  be  observed  with  these  as  with  the  Polaroid 
process  films. 

For  the  generation  of  contrast  curves,  the  laser  beam  was 
used  both  as  source  and  target  image,  due  to  its  clean  Gaussian 
profile  and  convenient  size.  The  sensible  diameter  varied 
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Figure  1.  Exposure  sequences  employed  in  IR  photography  via  modification 
of  sensitivity  to  visible  light;  (al  desensitization,  (b)  sensitization,  (c)  no  influence 
by  IR.  Intensity  scales  are  arbitrary. 

between  10  and  25  mm,  depending  upon  the  desired  central 
power  density  and  mode  structure. 

Prior  to  each  exposure,  power  at  the  center  of  the  infrared 
beam  was  measured  using  the  pyroelectric  detector.  In  addi- 
tion ail  density  measurements  were  made  with  a limiting  ap- 
erture matching  the  active  area  of  the  pyroelectric  detector 
(2  mm2).  This  procedure  simplified  the  task  of  relating  optical 
density  on  the  negative  to  power  density  at  the  focal  plane.  In 
general  two  density  values  were  obtained  for  each  negative; 
( 1 ) optical  density  at  the  center  of  the  IR  image,  and  (2)  con- 
trast between  the  infrared  image  center  and  the  background 
produced  by  the  visible  exposure.  Contrast  is  defined  here  as 
the  difference  in  density  (AD)  between  the  IR  image  and 
background. 

It  was  learned  early  in  the  experiments  that  contrast  de- 
creased markedly  if  the  density  of  the  background  rose  above 
(0.7-0.8).  It  was  found  by  experiment  that  optimum  contrast 
was  usually  achieved  for  negatives  sufficiently  exposed  to 
produce  a background  density  of  (0.5 — 0.6).  For  our  experi- 
ments with  Polaroid  55  PN  this  density  was  reached  for  white 
light  exposures  of  0.1  sec,  using  the  source  described  above. 

Figure  3 illustrates  the  three  regimes  of  IR  image  recording 
encountered  in  this  study.  The  film  used  here  and  for  the 
contrast  curve  (Fig.  4)  was  Polaroid  55  PN,  which  provides  a 
positive  print  and  working  negative. 

Figure  3 b shows  a print  made  from  a negative  which  had 
been  exposed  to  the  laser  beam  spot  at  a central  irradiance 
(£ir)  of  0.3  W/cm2  for  6 sec.  Exactly  at  the  end  of  the  infrared 
exposure  a Vio-sec  flash  of  white  light  was  added  using  the 
source  described  above,  causing  the  overall  exposure  of  the 
background,  as  shown. 

The  profile  of  the  laser  beam  which  produced  this  photo- 
graph is  shown  schematically  in  (Fig.  3a ).  In  practice  the  radial 
distance  at  which  the  profile  drops  to  zero  intensity  roughly 
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Figure  2.  Experimental  arrangement  for  infrared  photograpby  via  modified 
sensitivity  to  visible  light. 


Figure  3.  Sensitization  vs  Oesensitization  effects  of  infrared  produced  annular 
image  of  Gaussian  beam  spot:  (a)  Gaussian  beam  profile,  (b)  the  print  of  the 
negative,  (c)  showing  three  IR  intensity  regimes. 


corresponds  to  the  observed  radius  of  the  infrared  image  on 
the  negative. 

Figure  3c  shows  the  important  relation  between  optical 
density  and  infrared  intensity  for  the  negative  which  produced 
the  print  in  Fig.  3b.  The  density  is  plotted  as  a function  of 
radius  from  the  center  of  the  negative  image.  The  shape  of  this 
curve  at  r ^ 0 corresponds  to  effects  observed  on  either  side 
of  the  IR  profile  maximum.  Passing  from  the  periphery  to  the 
center  of  the  image  in  Fig.  35,  the  three  evident  regimes 
are: 

1)  Sensitization  (outer  white  annulus) 

£ir  » 2 mW/mm2 

2)  Desensitization  (dark  ring) 

£ir  st  3 mW/mm2 

3)  Emulsion  breakdown  (central  spot) 

£ir  at  4 mW/mm2 

As  each  of  these  intensity  regimes  occur,  a change  is  observed 
in  the  density  profile  (Fig.  3c).  The  sensitization  regime  cor- 
responds to  a density  on  the  negative  which  is  slightly  higher 
than  the  surrounding  background.  The  desensitization  regime 
is  observed  at  higher  intensity  and  produces  a developed 
negative  which  is  more  transparent  than  the  background. 
Regime  3 occurs  at  IR  energies  which  destroy  part  of  the 
emulsion  and  cause  the  bleaching  of  the  Polaroid  negative. 

It  was  also  discovered  that  silver  halide  films  such  as  Kodak 
Panatomic-X  and  Plus-X  displayed  effects  similar  to  those 
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of  the  Polaroid  films  but  slightly  inferior  in  terms  of  contrast. 
There  is  also  data  which  suggests  that  infrared  effects  may 
increase  with  decreasing  emulsion  thickness.  Regime  3 closely 
resembles  the  "bumoff  ’ of  Polaroid  Films  by  dye  laser  action 
but  the  exact  understanding  of  this  effect  is  not  clear.  The 
three  regimes  were  tested  for  reversibility,  i.e.,  the  film  was 
exposed  to  infrared  images  and  a short  time  was  allowed  to 
elapse  between  the  end  of  the  infrared  and  beginning  of  the 
visible  exposures.  It  was  observed  that  regime  3 is  “irrevers- 
ible," i.e.,  the  same  result  is  observed  for  very  long  delays  ( 1 
hr).  The  exact  nature  of  this  regime  is  unclear  and  will  require 
further  study.  Regimes  1 and  2 are  reversible,  i.e.,  if  more  than 
6 sec  are  allowed  to  elapse  between  IR  and  visible  exposures, 
virtually  all  infrared  effects  disappear.  Indeed,  prior  to  the 
addition  of  shutters  for  controlling  exposure  times,  much  of 
the  early  data  lacked  reproducibility,  which  was  later  directly 
related  to  the  effects  of  relaxation  on  photographs  with  pre- 
cisely controlled  variable  delay  times.  In  addition,  it  was  ob- 
served that  IR  exposure  of  the  emulsion  after  the  visible  ex- 
posure produces  no  discernable  effects.  Data  involving  the 
relaxation  times  for  the  sensitization  and  desensitization  ef- 
fects will  be  presented  in  a future  paper. 

Except  in  the  exposure  region  of  regime  3,  the  infrared 
produces  no  discernable  image  of  its  own,  but  rather  deter- 
mines the  effectiveness  of  a following  visible  exposure.  For  this 
reason  we  must  discuss  film  effects  based  upon  measurements 
of  relative  density  (i.e.,  contrast)  between  the  IR  image  and 
the  background. 

Figure  4 shows  relative  density  curves,  adjusted  to  constant 
background,  for  Polaroid  55  PN  negatives.  In  Fig.  4,  (Dr) 
corresponds  to  the  relative  density  ( Di  — Dg)  between  the 
density  of  the  background  (Dg ),  measured  in  the  region  sur- 
rounding the  infrared  image,  and  the  density  of  the  IR  image 
measured  in  the  region  of  infrared  radiation.  Infrared  induced 
desensitization  is  indicated  by  a higher  print  density  and 
negative  relative  densities  in  Fig.  4.  Figure  4 has  been  nor- 
malized to  zero  background  density  to  show  relative  density, 
the  true  background  density  is  0.5  for  all  exposures.  The  true 
IR  image  density  may  be  found  by  adding  0.5  to  a specific  Dr 
value  in  Fig.  4.  Both  relative  transparency  (Tg/T/)  and  rela- 
tive density  (Dr  - Dg)  are  plotted  as  a function  of  infrared 
exposure  time.  For  each  of  the  photographs  used  to  produce 
curve  (6)  the  visible  exposure  was  maintained  at  Vio  (sec)  using 
white  light.  The  dispersion  in  background  densities  was  found 
to  be  less  than  (0.05)  for  the  photographs  used  to  construct 
this  curve.  The  <D/)  data  points  correspond  to  measurements 
made  at  the  center  of  the  laser  beam  image,  produced  by  the 
C02  laser  operating  in  the  10  Mm  region.  The  (Dg)  data  refer 
to  an  average  of  3 background  densities,  measured  at  a dis- 
tance of  20,  30,  and  50  mm  from  the  center  of  the  infrared 
image.  The  differences  between  these  two  values  yields  the 
(Dr)  points  plotted  in  Fig.  4. 

Figure  4 also  illustrates  (curve  a)  the  typical  density  ob- 
tained for  this  method  when  using  a green  visible  exposure  of 
3-sec  duration.  For  such  an  experiment  the  infrared  and 
visible  exposures  are  allowed  to  overlap  so  as  to  reduce  re- 
laxation effects  of  the  infrared  image,  such  as  the  type  shown 
in  Fig.  lc. 

In  this  type  of  recording  the  film  (in  this  case  55  PN  Po- 
laroid) is  exposed  to  a gaussian  laser  spot  of  central  intensity 
of  0.3  W/cm-’.  After  a 3-4-sec  IR  exposure  the  visible  exposure 
is  begun.  Both  IR  and  visible  exposures  are  terminated  after 
an  additional  3 sec.  The  intensity  of  the  green  exposure  is 
chosen  to  produce  a background  density  of  0.5  after  3-sec 
exposure.  Upon  development,  the  film  is  shown  to  have  been 
desensitized  in  the  regions  of  IR  exposure.  Note  also  that  the 
desensitization  effectively  reduces  the  density  of  the  negative 
to  within  0.2  of  the  fog  level.  This  type  of  exposure  produces 
the  highest  contrast  in  all  cases.  If  a very  short  visible  exposure 
is  used,  say  of  the  order  of  0.01  sec,  the  result  is  very  different. 


IR  exposure  (sec) 


Figure  4.  Characteristic  curves  for  IR  modification  of  visible  sensitivity,  for  (a) 
green  light.  (6)  white  light  at  IR  power  density  * 0.3  W/cmJ. 

In  such  cases,  the  desensitization  is  shown  to  be  replaced  by 
sensitization  effects.  In  such  cases  the  density  of  the  negative 
IR  image  is  shown  to  be  higher  than  the  surrounding  back- 
ground. 

Discussion 

A number  of  problems  arise  when  attempts  are  made  to  de- 
scribe a clear  and  complete  mechanism  for  this  effect.  Pri- 
marily, the  fact  that  the  infrared  exposure  only  interferes  with, 
rather  than  forms,  an  image  is  in  one  sense  doubly  complicated 
since  uncertainties  in  the  normal  photographic  processes  are 
masked  by  unknown  infrared  effects.  There  are,  however,  a 
number  of  suggestions  which  can  be  offered,  suggestions  that 
have  already  been  used  to  improve  photographic  response  in 
the  infrared. 

There  are,  for  example,  numerous  ways  by  which  latent- 
image  formation  can  be  made  less  efficient.  We  are  mostly 
concerned  with  those  which  affect  the  early  stages  of  image 
formation  since  no  infrared  effects  are  observed  for  previously 
exposed  emulsions.  They  include: 

(1)  Changes  in  the  absorption  coefficient  of  silver  halides 

with  temperature. 

(2)  Loss  of  photoelectrons 

(a)  loss  to  water 

(b)  loss  to  oxygen  and  other  electron  acceptors 

(3)  Loss  of  silver 

(a)  reactions  with  holes 

(b)  thermal  dissociation 

(c)  reaction  with  other  agents 

Of  these,  perhaps  the  most  interesting  to  use  are  1,  2(a), 
and  3(5).  It  is  well  documented  that  for  many  emulsion  types 
sensitivity  decreases  to  some  extent  with  elevated  tempera- 
ture.5-5 Presumably,  this  effect  is  partly  caused  by  thermal 
ejection  of  an  electron  (followed  by  a silver  ion)  from  an  un- 
stable latent  image  center.  It  is  well  known  that  developabilitv 
is  related  to  latent  center  size.  Removal  of  even  a single  Ag* 

- e~  pair  from  a small  (3-5  atoms)  silver  cluster  can  reduce 
developabilitv  considerably.  This  is  part  of  the  basis  for  the 
Herschel  effect  mechanism,  i.e.,  thermal  breakup  of  an  alreadv 
formed  silver  aggregate.  It  is  very  probable  that  the  temper- 
ature rise  in  an  emulsion  exposed  to  infrared  laser  energy  may 
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be  sufficient  to  block  the  formation  of  latent  images.  This 
effect  should  be  observed  in  emulsions  which  have  been  ex- 
posed to  long  duration  (1  sec)  low-intensity  visible  light.3-4 
This  is  indeed  the  case.  Figure  4 and  its  discussion  showed  that 
long  visible  exposures  were  required  for  maximum  desensit- 
ization contrast.  Short  visible  exposures  (<0.01  sec)  showed, 
not  only  a lack  of  desensitization  under  most  conditions,  but 
actually  a rise  in  sensitivity  in  the  areas  of  infrared  exposure. 
The  key,  of  course,  is  to  activate  or  deactivate  the  emulsion 
before  visible  exposure,  so  that  the  photochemical  processes 
are  affected  at  the  electronic  and  ionic  stages  prior  to  image 
formation. 

In  addition,  mobility  of  holes  and  other  electron  acceptors 
increases  with  temperature4  which  suggests  that  reactions 
with  latent  images  or  capture  of  thermally  ejected  electrons 
might  contribute  to  the  desensitizing  effects  of  high  infrared 
exposure.  A reaction  with  latent  images  and  holes  finds  some 
support  in  the  fact  that  if  a film  is  exposed  to  infrared  energy, 
then  visible,  then  an  additional  flash  of  visible  light,  there  is 
no  indication  that  sub-image  centers  are  left  from  the  first  2 
exposures.  If  thermal  ejection  were  the  only  mechanism,  some 
sub-image  centers  should  remain  behind,  thus  altering  future 
emulsion  sensitivity  in  those  areas  exposed  to  infrared  ra- 
diation. 

Beyond  these  considerations,  there  is  the  fundamental  fact 
that  silver  halide  absorption  changes  with  crystal  tempera- 
ture,5 both  in  terms  of  absolute  absorption  and  peak  absorp- 
tion wavelength.  Therefore,  by  shifting  the  wavelength  of  the 
visible  exposure  one  can  expect  different  photochemical  re- 
sponse at  different  IR  exposure  levels.  Perhaps  there  are  2 or 
more  competing  processes  at  work  which  involve  the  drift 
mobility  of  photogenerated  species  vs.  latent- image  formation 
and  fading  at  different  temperatures.  In  any  case  the  tech- 


nique has  proven  useful  in  that  it  provides  a direct,  perma- 
nent, transparent  record  of  images  from  IR  laser  experiments. 
There  is  no  distortion  introduced  by  copying  optics  which 
must,  of  necessity  be  placed  oblique  to  the  optical  axis  of  in- 
direct displays  such  as  thermal  plates.  This  facilitates  wave- 
length measurements  in  spectroscopy  and  other  linear  mea- 
surement experiments.  Contrast  is  good  and  has  recently  been 
improved  by  the  addition  of  specific  chemicals  which  are  used 
to  more  precisely  couple  infrared  action  to  the  grain  species. 
Further  experiments  are  planned  and  will  be  presented  in 
future  papers.  These  results  are  presented  primarily  to  report 
a new  and  useful  method  for  middle  infrared  photography 
using  laser  sources  and  to  stimulate  further  research. 
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SUMMARY 

(Unclassified) 

Infrared  laser  beam  patterns  can  now  be  photographed  directly  an 
conventional  silver  halide  films  even  though  the  wavelengths  (5,  10  urn)  lie 
well  beyond  what  is  ordinarily  considered  "the  photographic  infrared".  The 
technique  enploys  sensitization  and  desensitization  of  films  to  visible  light 
as  a result  of  pre-exposure  to  the  infrared  radiation.  Different  photographic 
regimes  exist  depending  on  infrared  intensity  and  length  of  exposure,  and  wave- 
length of  the  visible  light.  The  range  of  IR  power  densities  photographed  so 
far  is  roughly  0.2  - 200  w/an2 , for  IR  exposure  times  of  about  2 - 0.02  seconds, 
respectively.  Polaroid  emulsions  prove  to  be  very  convenient,  particularly 
the  55  P/N  film;  while  the  effect  is  seen  with  aT  1 films  we  have  used. 


By  varying  infrared  exposure,  one  can  obtain  photographic  densities 
which  are  more  or  less  than  the  background  density  dno  to  the  visible  light 
alone.  IR  isophotes  within  a caiplex  image  pattern  are  therefore  visualized 
as  neutral  zones  between  light  and  dark  areas  which  received  less  or  more  IR 
exposure.  The  intensity  represented  by  an  isopho tome trie  contour  can  be  chosen 
by  changing  visible  light  color  and  exposure. 

On  the  basis  of  sensitivity,  dynamic  range  and  resolving  power,  the 
method  is  more  useful,  than  "image  plate"  photography  (which  requires  taking  a 
picture  of  a picture)  and  "footprint  paper".  With  Polacolor  emulsions,  photo- 
graphs have  been  taken  at  power  density  levels  corresponding  to  a 1 nm2  beam 
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spot  of  a 1 mw  IR  laser.  The  sensitivity  and  simplicity  of  the  process  open 
up  important  laser  applications  such  as  the  recording  of  dispersed  IR  spectra 
and  visualizing  the  motion  and  far  field  patterns  of  laser  beams  in  the  atmos- 
phere. 

In  addition  to  such  applications,  we  are  currently  probing  the  basic 
mechanisms  of  the  IR  influence  on  latent  image  formation  by  the  post-exposure, 
visible  flash.  Attention  centers  an  changes  in  the  mobility  and  caibination 
rates  of  photoelectrons  and  holes  with  changing  emulsion  temperature.  We  are 
also  considering  dye-electron  transfers,  enhanced  by  IR  exposure.  Early 
results  from  these  lines  of  study  have  shown  that  both  relative  sensitivity  and 
dynamic  range  can  be  improved  through  carefully  chosen  exposure  parameters. 

The  method  is  presently  useful  for  lew  power  laser  imaging  but  needs  improving 
to  extend  sensitivity  to  very  lew  power  applications  (1-10  nw/cm2 ) . 

Together  with  laser  imaging  applications  silver  halide  chemistry  may  be 
studied,  especially  in  the  areas  of  lattice  effects  due  to  temperature.  Since 
infrared  inter  action  can  be  easily  controlled,  the  method  provides  an  ideal 
medium  for  determining  image  relaxation  rates,  rates  of  hole  recombination  and 
solarization  effects  at  elevated  temperature.  These  preliminary  results  are 
encouraging  since  we  have  used  only  "off  the  shelf"  ccmrercial  films  and  large 
improvements  in  image  quality  might  therefore  be  obtained  by  optimization, 
through  research,  of  those  emulsion  qualities  which  are  most  suited  to  infrared 
recording. 
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This  paper  describes  further  work  on  infrared  laser  photography 
and  progress  towards  accurate,  line-by-line  measurements  of  gaseous  index 
of  refraction  at  IR  laser  lines.  We  also  note  that  refractive  index 
signatures  for  aerosols  are  sufficiently  strong  that  IR  differential 
absorption  lidar  systems  may  be  adversely  affected  unless  a thorough 
line-by-line  study  is  trade  of  laser  backseat  ter. 

Figure  1 illustrates  a further  development  in  the  IR  photographic 
method  recently  described.1  The  same  IR  laser  beam  spot  is  photographed 
in  all  three  cases,  by  visible  post-exposure  of  the  Polaroid  55-PN  nega- 
tive. In  each  case,  infrared  exposure  was  three  seconds  at  a constant 

2 

power  density  of  0 . 3 w/cm  . The  varying  parameter  is  the  intensity  and 
duration  of  the  visible  exposure.  From  left  to  right,  visible  exposure 
was  .004,  .15  and  1 sec.  The  density  within  the  areas  of  infrared  exposure 
are  dependent  upon  the  ratio  of  IR/VIS  photons  illuminating  the  grain. 

The  photograph  shows  that  the  crossover  from  desensitization  to 

sensitization  can  be  chosen  for  different  IR  intensity  levels,  depending 

on  the  visible  exposure  time.  This  display  capability  for  bringing  out 

one  or  more  IR-isophotcmetric  contours  is  very  useful  in  depicting  the 

intensity  distribution  within  a laser  beam  pattern.  We  have  extended  the 

2 

IR  power  density  range  to  10  - 100  w/an  , and  are  designing  a cinemato- 
graphic version  for  framing  rates  up  to  —50  sec-1. 

That  this  IR  recording  method  is  dry,  inexpensive  and  uses  simple 
photographic  materials  makes  it  very  attractive  for  operational  use.  Test- 
ing and  verification  of  electro-optic  systan  performance  can  be  made  simple 
with  this  method. 

f Re search  supported  by  AFCSR  Contract  No.  F44620-72-C-0076 

1G.  Frazier,  T.D.  Wilkerscn  and  J.M.  Lindsay,  Applied  Optics,  15,  1350  (1976). 
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The  above  process  was  discovered  during  Air  Force-sponsored 
research,  on  infrared  schlieren  systans  and  other  IR  extensions  of  flow 
visualization  methods  in  visible  light.  Selective  schlieren  sensitivity 
to  various  molecules  is  anticipated  try  matching  the  probe  laser  lines  to 
the  refractive  index  extremes  near  absorption  lines  (anomalous  dispersion) . 
Optimization  of  this  technique  calls  for  line— by— line  measurements  of  the 
refractive  index  for  various  gases.  The  results  will  also  hear  directly 
cn  laser  beam  propagation  in  the  atmosphere.  Two  levels  of  measurement 
are  described  here  as  part  of  our  overall  program  which  is  aimed  toward 

p 

(n-1)  results  having  an  accuracy  of  1:10  or  better. 

Figure  2 shows  the  first  experimental  arrangement,  where  the  test 
gas  (e.g. , 3%  0^  in  0^)  was  confined  in  a hollow  prisn  having  NaCl  win- 
dows. Angular  deflections  are  measured  as  a function  of  laser  (CC>2) 
wavelength,  yielding  the  index  of  refraction,  n (X) , in  the  ozone  band 
near  9.4  y. 

Figure  3 shows  somewhat  averaged-out  measurements  of  n(X)  carpared 
to  the  ozone  extinction  in  the  9.4  y band.  The  wavelength  averaging  is 
due  to  several  emission  lines  in  the  0C>2  laser  which  had  not  been  carefully 
selected  between  in  this  early  work.  Che  sees  the  maxinun  index  near  the 
9.6  y absorption  minimum  This  is  clearly  the  best  wavelength  region  for 
IR  schlieren  studies  of  0^ , while  a long-path  laser  system  in  an  ozone- rich 
environment  would  be  more  affected  at  9.6  y by  atmospheric  schlieren,  than 
at  9.2  or  10.6  y. 

Figure  4 shews  the  next  stage  of  measurements  using  a Michelson 
interferometer  whose  fringes  are  counted  as  the  gas  of  interest  is  cycled 
into  and  out  of  the  cell.  Single  laser  selection  is  achieved  with  an  intra- 
cavity e talon.  Fringe- fractions  of  order  1/50  are  reliably  observable  if 
one  uses  the  Indicated  gain-stabilizing  system  to  automatically  compensate 
for  variations  in  laser  output  pewer.  This  particular  system  does  not 
automatically  compensate  for  IR  absorption  in  the  interferometer ' s gas  cell. 

Results  are  shown  in  Figure  5 for  the  refractive  index  of  as 
measured  line-by-line  in  the  C02  laser  region.  Thirty-six  observations  go 
into  each  point,  so  that  the  accuracy  can  be  made  ~1:107.  The  "calculated 
value"  of  (n-1)  for  nitrogen  in  this  region  is  taken  from  a Sellmeir  equation 

2 ” 

Courtesy  Dr.  John  Gaugliardo , EPA,  Las  Vegas  (Private  ooimunication,  1975). 
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given  by  Peck.3,  and  no  inconsistency  appears  as  yet.  This  work  continues 
with  other  gases,  and  with  control  systems  that  remove  the  effects  of 
absorption  in  the  gas  cell.  Thus,  we  can  now  measure  (n-1)  to  about 
1:103  and  rake  a line-by-line  assessment  of  the  susceptibility  of  any 
given  laser  line  to  atmospheric  density  gradients. 

Our  interest  in  refractive  effects  extends  now  to  aerosols,  since 
their  IR  index  signatures  are  strong  enough  to  influence  backscatter 
differentially  in  wavelength.  This  may  ccnpranise  near-IR  lidar  perfor- 
mance for  remote  sensing  of  H^O  and  other  species.  Examples  of  the  wave- 
length sensitivity  of  backscatter  by  aerosols  have  been  given  by  Pollack 
4 5 

and  Colburn  and  by  Shettle  at  this  meeting,  and  proposals  have  been  made 
to  use  this  effect  for  aerosol  composition  determinations. 

In  view  of  the  complexity  of  the  relationships  between  backscatter, 
aerosol  refractive  index,  particle  shape  and  size  distinction,  we  believe 
that  a major  program  of  diverse  measurements  an  backscatter  and  extinction 
needs  to  be  undertaken  for  near-IR  lidar  systems.  Our  proposal  for  such  a 
program  is  currently  in  preparation.  The  effects  of  gaseous  refractive 
index  will  also  be  considered  in  this  work,  and  use  will  be  made  of  the  IR 
photographic  process  in  displaying  beam  scatter  and  beam  spread  by 
aerosols. 


.E.  Peck,  Dispersion  of  Nitrogen,  Appl.  Optics,  10,  107  (1962). 

cJ.  Pollack  and  D.S.  Oolbum,  Proc.  VII  Lidar  Conference,  SRI  (Nov.  1975). 

3 Shettle , paper,  Session  I:  The  Marine  Atmospheric  Envirorment 
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Fig.  1. 

A Mosaic  of  Three  Infrared  Laser  Beam  Patterns 

Fran  left  to  right:  sensitization  of  the  film  in  the  area  of 
IR  exposure,  sensitization  ring  with  central  desensitized 
region,  and  desensitizaticn.  In  each  photograph,  IR  intensity 
and  exposure  is  constant  tut  the  visible  post  exposure  intensity 
is  decreasing,  left  to  right. 
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